Vacuum alignment in technicolor models provides an attractive origin for the quarks' CP violation and, possibly, a natural solution for the strong-CP problem of QCD. We discuss these topics in this paper. Then we apply them to determine plausible mixing matrices for left and right-handed quarks. These matrices determine the CabibboKobayashi-Maskawa matrix as well as new mixing angles and phases that are observable in extended technicolor (ETC) and topcolor (TC2) interactions. We determine the contributions of these new interactions to CP-violating and mixing observables in the K 0 , B d and B s systems. We confirm our earlier strong lower bounds on TC2 gauge boson masses from B d -B d mixing. We then pay special attention to the possibility that current experiments indicate a deviation from standard model expectations of the values of sin 2β measured in B d → J/ψK S , φK S , η ′ K S , and πK S , studying the ability of TC2 to account for these. We also determine the TC2 contribution to ∆M Bs and to Re(ǫ ′ /ǫ), and find them to be appreciable.
Introduction and Overview
In this paper we study predictions of topcolor-assisted technicolor models for CP violation in the K 0 and B 0 systems. We are particularly interested in determining whether these or similar models with CP-violating flavor-changing neutral currents can account for the apparent discrepancies with standard model predictions of the parameters measured in B d → J/ψK S , φK S , η ′ K S and πK S : sin 2β J/ψK S = +0.72 ± 0.05 [1] sin 2β φK S = +0.47 ± 0.34 (Babar [2] ) sin 2β φK S = −0.96 ± 0.50 (Belle [3])
sin 2β η ′ K S = +0.27 ± 0.21 [4] sin 2β πK S = +0.48
+0.38
−0.47 ± 0.11 [5] Topcolor-assisted technicolor (TC2) is the most fully-developed dynamical description of electroweak and flavor physics (for recent reviews, see Refs. [6] and [7] ). It consists of strong technicolor (TC) and topcolor gauge interactions that induce spontaneous breakdown of electroweak SU(2) ⊗ U(1) symmetry to U(1) EM and a large top quark condensate t t ∼ (100 GeV) 3 and mass m t ≃ 170 GeV. The strong gauge groups, plus color and at least part of electroweak U(1), are embedded in an extended technicolor (ETC) gauge group G ET C [8] which, when broken at high energies, provides the 5 MeV to 5 GeV hard masses of all standard model fermions, including the top quark. The masses of ETC gauge bosons range from M ET C ≃ 10-50 TeV for m q (M ET C ) ≃ 5 GeV up to M ET C ≃ 2000-20, 000 TeV for m q (M ET C ) ≃ 5 MeV.
1 Such large ETC masses for the light quarks are necessary to adequately suppress their CP-conserving and violating |∆S| = 2 interactions. Reasonable quark masses are then possible because of the "walking" technicolor gauge coupling [9, 10, 11, 12] that strongly enhances the technifermion condensate T T ET C .
In TC2 models, the large top, but not bottom, condensate and mass is due to SU(3) 1 ⊗ U(1) 1 gauge interactions which are strong near 1 TeV [13] . The SU(3) 1 interaction is t-b symmetric while U(1) 1 couplings are t-b asymmetric. 2 In particular, the U(1) 1 hypercharges of t and b must satisfy Y 1Lt Y 1Rt > 0 and, probably, Y 1Lb Y 1Rb < 0 (see Sect. 4). This makes these forces supercritical for breaking the top quark chiral symmetry, but subcritical for bottom.
3 There are weaker SU(3) 2 ⊗ U(1) 2 gauge interactions in which light quarks (and leptons) may or may not participate.
For TC2 to be consistent with precision measurements of the Z 0 [15] , the two U(1)'s must be broken to weak hypercharge U(1) Y at an energy somewhat higher than 1 TeV by electroweak-singlet condensates [16] . This breaking results in a heavy color-singlet Z ′ boson which plays a central role in this paper. The two SU(3)'s are broken at 1 TeV to their diagonal SU(3) C subgroup -ordinary color. A massive octet of "colorons", V 8 , mediate the broken topcolor SU(3) interactions.
There are two variants of TC2: The "standard" version, which we denote STC2 [13] , in which only the third generation quarks are SU(3) 1 triplets. The third generation quarks also transform under U(1) 1 . Whether the lighter two quark generations also transform under U(1) 1 is a model-dependent question. In this paper we assume that they do. Indeed, in some models, U(1) 1 anomaly cancellation may require it [16] . In STC2 strongly-coupled flavorchanging neutral current (FCNC) interactions are mediated by both V 8 and Z ′ exchange.
4
In order that they not be prohibitively large for the light quarks, the first two generations must have flavor-symmetric U(1) 1 hypercharges, i.e., for the electroweak eigenstates,
The other variant is the "flavor-universal" version, FUTC2 [17, 18] . There, all quarks are SU(3) 1 triplets. The third generation quarks transform under U(1) 1 and we assume again that the light generations do too. In FUTC2, only Z ′ exchange induces new FCNC interactions. Therefore, the U(1) 1 hypercharges of light quarks must satisfy Eq. (2) here as well. We consider both TC2 variants in this paper.
In Sect. 2 we review vacuum alignment in technicolor theories and show how this determines CP violation in quark interactions. Vacuum alignment is the process in which ETC and TC2 interactions lift the degeneracy of the infinity of vacua associated with spontaneous breaking of technifermion and quark chiral symmetries. It can induce CP violation in a theory which is superficially CP invariant. This leads to a new, natural scenario for solving the strong-CP problem of QCD.
5 Alignment generates the matrices Q L,R = (U, D) L,R that rotate left and right-handed up and down quarks from the electroweak basis to the masseigenstate one. The Cabibbo-Kobayashi-Maskawa (CKM) matrix is V = U † L D L . Observable CP-violating phases appear in the ordinary weak interactions through V and in the TC2 and ETC interactions through Q L,R . We review and update general constraints on the form of the alignment matrices in Sect. 2.
In Sect. 3 we describe the TC2 and ETC interactions we use for B 0 and K 0 studies in later sections. Here we show how the quark alignment matrices enter these interactions. We also discuss an important assumption we must make for ETC interactions, namely, that they are electroweak generation conserving. In Sect. 4 we discuss the main constraints on ETC and TC2 that arise from the requirement that TC2 causes no quark other than the top to condense, and from neutral meson mixing and CP violation. Mixing of B d andB d leads to lower bounds on M V 8 and M Z ′ . We confirm the bounds found earlier in Ref. [21] , and we are in some disagreement with a later study by Simmons [22] . In Sect. 5 we present the formalism for calculating the TC2 contributions to B d → XK S . Because of our assumption of electroweak generation conservation, the ETC contributions are negligible. Section 6 is a brief review of the definition of the experimental sin 2β eff , as opposed to the standard model value, (sin 2β) SM = sin(2 arg(V * td )), where V td is the CKM matrix element. Section 7 contains our main results. They are based on three "models" of the quark mass matrix that are inspired by the CP-violation scenario described in Sect. 2. Once the mass matrices are written down, the alignment matrices Q L,R are determined. We use these to compare the predictions of TC2 with experiment for B d → J/ψK S , φK S , η ′ K S and πK S . We also calculate the influence of TC2 on x s = ∆M Bs /Γ Bs and Re(ǫ ′ /ǫ). Our main conclusions are these: (1) If D R is 2 × 2 by 1 × 1 block-diagonal -as may be necessary to avoid excessive B d -B d mixing, both TC2 variants predict that the same value of sin 2β is measured in all these processes and that this value is the one expected in the standard model -even though TC2 may contribute appreciably to the decay amplitudes. (2) If D R is not block-diagonal, the value of sin 2β extracted from B d → J/ψK S is the standard model expectation, but other B d → XK S decays may lead to different values and even fit the central values of current measurements. 6 We find that TC2 can account for discrepancies as large as those in the central values of, say, the current Belle measurement, but this typically requires large U(1) 1 hypercharges, especially in the FUTC2 variant. These are worrisome because they suggest the U(1) 1 coupling has a Landau pole at relatively low energies [14] . This problem is less pronounced with STC2 than with FUTC2 because the latter variant has only the Z ′ to influence the decays. (3) Depending on the mixing angles in the D L,R alignment matrices, we find that TC2 (plus the standard model) can produce values of x s ranging from the experimental lower bound of about 20 up to several hundred. (4) For the mass matrix models we considered, the standard model contributions to Re(ǫ ′ /ǫ) happened to be about 1/4 the measured value. With Z ′ and V 8 masses consistent with B d -B d mixing, the TC2 contribution then can account for the remainder so long as we require Y 1Ru ∼ = Y 1Rd .
Vacuum Alignment and CP Violation in Technicolor
Quark CP violation in technicolor models is a consequence of "vacuum alignment" [24, 25, 26] . The idea is simple: In technicolor, large flavor/chiral symmetries of the technifermions and quarks are spontaneously broken when their dynamics become strong. This leads to an infinity of degenerate vacua. The degeneracy is at least partly lifted by ETC interactions which explicitly break all global flavor symmetries. Vacuum alignment is the process of finding the (perturbative) ground state which minimizes the expectation value of the chiral- 6 Burdman has recently carried out similar studies [23] in which he considered the effects of warped extra dimensions and of topcolor V 8 (but not Z ′ ) exchange.
symmetry breaking Hamiltonian H ′ . This Hamiltonian is generated by the exchange of ETC gauge bosons and it is natural to assume that it is CP-conserving. As Dashen first showed, however, the ground state |Ω which minimizes Ω|H ′ |Ω may not respect the same CP symmetry that H ′ does. In this case, CP is spontaneously broken and |Ω is discretely degenerate. 7 As we discuss below, this scenario offers the possibility of naturally solving the strong-CP problem of QCD -without an axion and without a massless up quark.
New CP-violating phases are introduced into the K 0 and B 0 decay amplitudes by quarkalignment matrices Q L,R . To understand how the Q L,R are determined, we briefly describe vacuum alignment in technicolor theories. Readers familiar with this material can skip to Eq. (12) .
As in Ref. [27] , we consider simple models in which a single kind of technifermion interacts with itself and with quarks via ETC interactions. Leptons are ignored. There are N doublets of these technifermions, T L,R I = (U L,R I , D L,R I ), I = 1, 2, . . . , N, all assumed to transform according to the fundamental representation of the TC gauge group SU(N T C ). They are ordinary color-singlets. 8 There are three generations of
. Left-handed fermions are electroweak SU(2) doublets and right-handed ones are singlets. Here and below, we exhibit only flavor, not TC and QCD, indices.
The joint T -q chiral flavor group of our model is
9 When the TC and QCD couplings reach critical values, these symmetries are spontaneously broken to S f = SU(2N) ⊗ SU (6) . Rather than fix the symmetrybreaking Hamiltonian and vary over the ground states, it is convenient to work in a "standard vacuum" |Ω whose symmetry group is the the vectorial SU(2N) V ⊗ SU(6) V , and chirally rotate H ′ . Fermion bilinear condensates in |Ω have the simple form
Here, ∆ T ≃ 2πF 3 T and ∆ q ≃ 2πf 3 π where F T = 246 GeV/ √ N is the technipion decay constant.
10
7 We are aware that spontaneous CP violation at 1 TeV implies a significant domain-wall problem. Should this mechanism prove successful, we are confident that cosmologists will find a way to eliminate the problem.
8 This is not correct for TC2 where some technifermions are expected to be triplets under SU (3) 1 or SU (3) 2 . This complication is not important for the analysis of K 0 and B 0 decays in later sections. 9 The fact that heavy quark chiral symmetries cannot be treated by chiral perturbative methods will be addressed below. We have excluded anomalous U A (1)'s strongly broken by TC and color instanton effects. Therefore, alignment matrices must be unimodular.
10 In TC2 models with topcolor breaking by technifermion condensation [16] , N ∼ 10. This large N raises the question of technicolor's contribution to precisely measured electroweak quantities such as S, T , and U . Calculations that show technicolor to be in conflict with precision measurements have been based on the assumption that technicolor dynamics are just a scaled-up version of QCD [28, 29, 30] . However, this cannot be because of the walking TC gauge coupling [7] . In walking technicolor there must be something like a tower of spin-one technihadrons reaching almost to the ETC scale, and these states contribute significantly
We write the ETC Hamiltonian in the phenomenological four-fermion form (sum over repeated flavor indices) 
Since T and q transform according to complex representations of their respective color groups, the vacuum energy to be minimized has the form
The factor ρ = O(10 −11 ) is explained below. Vacuum alignment must preserve electric charge conservation, and so the minimum of E occurs in the subspace of block-diagonal alignment to the integrals over spectral functions involved in calculating S, T , and U . Therefore, in the absence of detailed experimental knowledge of this spectrum, including the spacing between states and their coupling to the electroweak currents, it is not possible to calculate S, T , U reliably. 11 We assume that ETC interactions commute with electroweak SU (2), though not with U (1) nor color SU (3). All fields in Eq. (4) are electroweak, not mass, eigenstates. In writing H ′ , we assume that topcolor breaking to SU (3) C ⊗ U (1) Y has occurred. Broken topcolor interactions can always be put in the form of terms appearing in
Note that time-reversal invariance of the unrotated Hamiltonian H ′ implies that E(W, Q) = E(W * , Q * ). Hence, spontaneous CP violation occurs if the solutions W 0 , Q 0 to the minimization problem are not real (up to an overall Z N phase).
In Eq. (6), ∆ T T , ∆ T q and ∆are positive four-fermion condensates in the standard vacuum, |Ω . They are renormalized at the appropriate M ET C scale and are given approximately by
In walking technicolor (see Appendix A)
In QCD, however,
where the anomalous dimension γ m ofqq is small. 13 Thus,
for F T ≃ 100 GeV. This ratio is 10 2 -10 4 times smaller than it is in a technicolor theory in which the coupling does not walk.
The last line of Eq. (6) makes clear that we should first minimize the energy E T T in the technifermion sector. Because W may be assumed block-diagonal, E T T factorizes into two terms, E U U + E DD , in which W U and W D may each be taken unimodular. We may then minimize separately in the U and D sectors. This determines
, and as we shall see,θ q , up to corrections of O(10 −11 ) from the quark sector. 14 This result is then fed 12 In TC2, Eq. (10) must be modified to account for the embedding of SU (3) C into SU (3) 1 ⊗ SU (3) 2 and the latter group's embedding into G ET C . 13 We shall assume that γ m remains small in FUTC2, even though quarks have strong SU (3) 1 interactions there.
14 Two other sorts of corrections need to be studied. The first are higher-order ETC and electroweak contributions to E T T . The electroweak ones are naively O(10 −7 ), much too large forθ q . The second are due toT ttT terms in E T q which may be important if the top condensate is large. I thank J. Donoghue and S. L. Glashow for emphasizing the potential importance of these corrections.
into E T q which is minimized to determine Q 0 -and the nature of weak CP violation in the quark sector -up to corrections which are also O(10 −11 ). In Ref. [27] , it was shown that minimizing E T T leads to three possibilities for the phases in W . (We drop its subscript "0" from now on.) Let us write
We say that Λ T T IJKL = 0 links φ IL and φ JK , and tends to align (or antialign) them. Of course, the constraints of unitarity may partially or wholly frustrate this alignment. The three cases for the phases φ IJ are:
1. The phases are all unequal, irrational multiples of π that are random except for the constraints of unitarity and unimodularity.
2. All of the phases are equal to the same integer multiple of 2π/N (mod π). This may occur when all phases are linked and aligned, and the value 2π/N is a consequence of the unimodularity of W U and W D . In this case we say that the phases are "rational".
3. Several groups of phases may be linked among themselves but not with others. The phases may then be only partially aligned and they take on various rational multiples of π/N ′ for one or more integers N ′ from 1 to N.
As far as we know, such nontrivial rational phases (i.e., = 0, π, π/2) occur naturally only in ETC theories. They are a consequence of E T T being quadratic, not linear, in W and of the instanton-induced unimodularity constraints on W . Given these three possibilities, we now investigate the quarks' CP violation. There are two kinds of CP violation. Weak CP violation enters the standard weak interactions through the CKM phase δ 13 and the ETC and TC2 interactions through physically observable combinations of phases in the quark alignment alignment matrices Q L,R . Strong CP violation, which can produce electric dipole moments 10 10 times larger than the experimental bound, is a consequence of instantons [31] . No theory of the origin of CP violation is complete which does not eliminate strong CP violation. Resolving this problem amounts to achievingθ q < ∼ 10 −10 naturally. Let us see how this might happen in technicolor. The "primordial" quark mass matrix element (M q ) ij , the coefficient of the bilinearq
of quark electroweak eigenstates, is generated by ETC interactions and is given by
The Λ
T q
IijJ are real ETC couplings of order (10 2 -10 4 TeV) −2 (see Appendix A). Since the quark alignment matrices Q L,R which diagonalize M q to M q are unimodular, arg det(M q ) = arg det(M q ) = arg det(M u ) + arg det(M d ). Therefore, strong CP violation depends entirely 15 The matrix element (M u ) tt arises almost entirely from the TC2-induced condensation of top quarks. We assume that t t and (M u ) tt are real in the basis in which θ QCD = 0. Since technicolor, color, and topcolor groups are embedded in ETC, all CP-conserving condensates are real in this basis.
on the character of vacuum alignment in the technifermion sector -the phases φ IJ of W -and by how the ETC factors Λ T q IijJ map these phases into the (M q ) ij . If the φ IJ are random irrational phases,θ q could vanish only by the most contrived, unnatural adjustment of the Λ T q and, so, this case generically exhibits strong CP violation. If all φ IJ = 2mπ/N (mod π), then all elements of M u have the same phase, as do all elements of M d . Then, U L,R and D L,R will be real orthogonal matrices, up to an overall phase. There may be strong CP violation, but there will no weak CP violation in any interaction.
There remains the possibility, which we assume henceforth, that the φ IJ are different rational multiples of π. Then, strong CP violation will be absent if the Λ T q map these phases onto the primordial mass matrix so that (1) each element (M q ) ij has a rational phase and (2) these add to zero in arg det(M q ). In the absence of an explicit ETC model, we do not know whether this can happen, but we see no reason it cannot. For example, there may be just one pair (IJ) for which Λ T q IijJ = 0 for fixed (ij). An ETC model which achieves such a phase mapping would solve the strong CP problem, i.e.,θ q < ∼ 10 −11 , without an axion and without a massless up quark. This is, in effect, a "natural fine-tuning" of phases in the quark mass matrix: rational phase solutions are stable against substantial changes in the nonzero Λ T T . There is, of course, no reason weak CP violation will not occur in this scenario.
Determining the quark alignment matrices Q L,R begins with minimizing the vacuum energy (using
to find Q = Q L Q † R . Whenθ q = 0, this is equivalent to making the mass matrix diagonal, real, and positive. Whether or notθ q = 0, the matrix M q Q is hermitian up to the identity matrix [24] ,
where ν q is the Lagrange multiplier associated with the unimodularity constraint on Q [32] , and ν q vanishes ifθ q does. Therefore, M q Q may be diagonalized by the single unitary transformation Q R and, so,
The
Carrying out the vectorial phase changes on q L,R i required to put V in the standard form with a single CP-violating phase δ 13 , one obtains [33, 34] Here, s ij = sin θ ij , and the angles θ 12 , θ 23 , θ 13 lie in the first quadrant. Additional CPviolating phases appear in U L,R and D L,R ; certain linear combinations are observable in the ETC and TC2 interactions. We discuss next the form of
by experimental constraints on ETC and TC2.
First, limits on FCNC interactions, especially those contributing to ∆M K = M K L -M K S and the CP-violation parameter ǫ, require that ETC bosons coupling to the two light generations have masses M ET C /g ET C > ∼ 10 3 TeV (see Ref. [7] for the latest estimates). These can produce quark masses less than about m s (M ET C ) ≃ 100 MeV in a walking technicolor theory (see The most important feature of M u is that the TC2 component of (M u ) tt ,m t = 160-170 GeV, is much larger than its other elements, all of which are generated by ETC exchange. In particular, off-diagonal elements in the third row and column of M u are expected to be no larger than the 0.01-1.0 GeV associated with m u and m c . So, M u and U L,R are very
There is an argument that the matrix M d must have, or nearly have, a triangular texture [16] ; also see Ref. [35] : In 1995 Kominis argued that in topcolor models the SU(3) 1 ⊗ U(1) 1 couplings of the bottom quark are not far from the critical values required for condensation. Consequently, there ought to exist so-called "bottom pions" -relatively light (≃ 300 GeV) scalar bound states oft L b R andb L b R that couple strongly (∝m t ) to third generation quarks [36] . Bottom pions will induce excessive
. In addition to this, since U L is block-diagonal, the observed CKM mixing between the first two generations and the third must come from the down sector matrix D L . These considerations (and the need for flavor symmetry in the two light generations) imply that the 17 We must assume that the ETC interactions H ′are electroweak generation conserving to suppress |∆S| = 2 FCNC interactions adequately. We also assume that the magnitude of Λ A triangular M d was produced in the TC2 models of Refs. [37, 16, 38] by choosing the topcolor U(1) 1 charges to forbid ETC interactions that induce 
interactions. Then the magnitudes and phases of the mixing factors are simply related to those of CKM elements (as in Eq. (17) below). Kominis' argument for near-criticality of b-quark TC2 interactions relied on assuming it had standard-model U(1) 1 hypercharges Y 1Lb = 1/6 and Y 1Rb = −1/3 and that the U(1) 1 coupling is not very strong (to avoid a Landau pole at low energy). As we noted above, however, a strong U(1) 1 coupling is needed to avoid fine-tuning the SU(3) 1 coupling, while the Landau pole might be avoided if U(1) 1 is embedded in G ET C at low enough energy. Thus, we view the existence of bottom pions as arguable at best. For STC2, we shall consider both cases: D R is block-diagonal and it is not. In Ref. [22] Simmons pointed out that there may be an amelioration of the bottom pion contribution to B d -B d mixing in FUTC2. There, all quarks have strong attractive SU(3) 1 interactions so that there would be "q-pions" with flavor-symmetric couplings for all the quarks if U(1) 1 is relatively weak -as Simmons assumed necessary to avoid a Landau pole. Such q-pions would not induce B d -B d mixing. However, whether or not light quarks transform under U(1) 1 , the heavy ones do and their U(1) 1 couplings should not be weak. This ruins the flavor symmetry of q-pions' couplings and Simmons' argument fails. Furthermore, if light quarks do have U(1) 1 interactions then, like the bottom quark's, they probably must be repulsive. This calls into question the very existence of all q-pions except the top pion. In short, the matter of q-pions and their induced B d -B d mixing is highly uncertain. In FUTC2, even more than in STC2, the argument for M d to be triangular and D R block-diagonal is weak and, like Simmons, we shall not be bound by it.
Because mixing between the third generation and the two lighter ones comes from D L , in either TC2 variant we have (using V tb ∼ = 1 and independent of the form of D R )
This relation is good to 5%. Together with the assumption that D R is block-diagonal, it was used in Ref. [21] to put limits on the TC2 V 8 and
This implies that the TC2 gauge couplings must be tuned to within 1% or better of their critical values -an uncomfortably fine tuning in a dynamical theory. For FUTC2, Simmons' q-pion argument and assumption that U(1) 1 is relatively weak led her to conclude that this bound could be lowered for the Z ′ (as well as for the V 8 which does not mediate FCNC interactions). We revisit this question in Sect. 3 and conclude that the bound M V 8 , Z ′ > ∼ 5 TeV generally holds in both TC2 variants.
To calculate the TC2 and ETC contributions to CP-violating parameters in K and Bdecays, we generated three representative sets of alignment matrices U L,R and D L,R . They were created by carrying out vacuum alignment with a non-hermitean primordial mass matrix M q satisfying arg det(M q ) = 0. The first set of alignment matrices (Mass Model 1) has a block-diagonal D R , as was assumed Ref. [21] . 18 Mass Models 2 and 3 have D R ∼ D L . The mass and alignment matrices are presented in Appendix B. As we shall see in Sect. 5, a discrepancy in the value of sin 2β measured in different decays is possible only in models with a non-block-diagonal D R .
TC2 and ETC Interactions
At energies well below M V 8 , Z ′ , the effective TC2 current × current interaction is
where
The primed fields are electroweak eigenstates. The couplings g Y and g C are the standard model hypercharge and color couplings, defined in terms of the original SU(3) (U(1)) couplings by
The U(1) 1 and U(1) 2 hypercharges Y 1λi and Y 2λi satisfy the flavor symmetry conditions in Eq. (2) and, of course,
, the electric charge of q i . We shall ignore the Y 2λi tan θ Y terms in our calculations. The couplings of the heavy and light quarks to the coloron, A h and A l , depend on the TC2 model. In STC2, only the third generation couples to the strong SU(3) 1 , so that A h = cot θ C and A l = tan θ C . In this case, both H Z ′ and H V 8 contain FCNC interactions. In FUTC2, all quarks have the same coupling to the colorons, A h = A l = cot θ C , and only H Z ′ has FCNC interactions. Expanding H T C2 for the FUTC2 and STC2 variants, and keeping only the strongly coupled U(1) 1 and SU(3) 1 contributions, we obtain
18 Sets of alignment matrices were created in this way in Refs. [20, 7] to calculate the TC2 and ETC contributions to ǫ.
From now on, we denote Y 1λi by Y λi . Remember that we assume that all quarks transform nontrivially under the strong U(1) 1 .
Still assuming that the ETC gauge group commutes with electroweak SU(2), the ETC four-quark interaction to lowest order in G 2 ET C is
Since the ETC gauge group contains technicolor, color and topcolor, and flavor as commuting subgroups, the flavor currents in H ET C are color and topcolor singlets. The operators are renormalized at the ETC scale of their Λ-coefficients. Hermiticity and CP-invariance of
When written in terms of mass eigenstate fields
A reasonable (and time-honored) guess for the magnitude of the Λ ijkl is that they are comparable to the ETC coefficients that generate the quark mass matrix M q . To estimate the FCNC in H ET C , we elevate this to a rule: The ETC scale M ET C /g ET C in a term involving weak eigenstates of the formq
) is approximately the same as the scale that generates theq ′ Ri q ′ Lj mass term, (M q ) ij . A plausible, but approximate, scheme for correlating a quark mass m q (M ET C ) with M ET C /g ET C is presented in Appendix A (see Fig. 14) .
Extended technicolor masses, M ET C /g ET C > ∼ 1000 TeV, are necessary, but not sufficient, to suppress FCNC interactions of light quarks to an acceptable level. Without further suppression by CKM-like mixing angles, the ETC masses required for compatibility with ǫ are so large that, even with walking technicolor, light-quark masses are too small [7] . Thus, we need to assume that H ET C is electroweak generation conserving, i.e.,
Considerable FCNC suppression then comes from off-diagonal elements in the alignment matrices Q L,R . Note that the TC2 and ETC interactions generally have RL ((V + A) × (V − A)) and RR ((V + A) × (V + A)) "wrong chirality" structure as well as the LL ((V − A) × (V − A)) and LR ((V − A) × (V + A)) structure found in standard model contributions to FCNC interactions.
Constraints on the TC2 and ETC Interactions
The first constraint we consider is that which top quark condensation, but not not bottom nor light quark condensation, places on the TC2 couplings and hypercharges. In the NambuJona-Lasinio approximation, aqq condensate occurs when the quark's couplings satisfy
The so-called critical values of the couplings occur when the equality is satisfied. As we have stressed, both terms should be O(1) to avoid fine tuning. In STC2, this strongly suggests that
Because A 2 l = tan 2 θ C ≪ 1, the constraint on light quarks is rather loose, however:
In FUTC2, the condition that only the top quark condenses is most simply met by requiring that, for all quarks except top,
We assume this from now on.
Other limits on the couplings and masses in H T C2 and H ET C come from mixing and CP violation in the K 0 and B d meson systems. The constraint from the kaon ǫ parameter for models in which D R is block diagonal were discussed in Refs. [20, 7] . For Λ ssss ≃ (2000 TeV) −2 and M V 8 ≃ M Z ′ ≃ 10 TeV, it was shown there it is not difficult to account for the measured value of ǫ. For models with a nontrivial D R and these mass scales, the ǫ parameter is not a strong constraint at all. Varying the relative strengths and signs of Λ ssss and Λ ′ ssss can cause changes of up to ±100 times the standard model ǫ. The more incisive constraint on TC2 -but not on ETC -comes fromB d -B d mixing. This was considered first (mainly for STC2) in Ref. [21] and reconsidered (especially for FUTC2) in Ref. [22] . We reconsider both TC2 variants in this section.
MeV is directly related to the off-diagonal matrix element M 12 of theB d − B d Hamiltonian [39] . Since |Γ 12 | ≪ |M 12 |, we have ∆M B d = 2|M 12 |. The standard model contributions to M 12 come from box diagrams which are proportional to V 2 td and therefore carry a CKM phase −2β. New physics contributions, at tree and loop levels, can alter the magnitude and phase of M 12 . However, M 12 -mixing occurs in all neutral B decays, so that new physics in mixing alone cannot explain the sin 2β discrepancy (see Sect. 6).
In both FUTC2 and STC2, the dominant new contribution to M 12 comes fromb
where (db) V ±A =dγ µ (1±γ 5 )b and the appearance of ∆Y λ = Y λb −Y λd reflects the approximate flavor symmetry of Eq. (2). Then M 12 is estimated in the vacuum insertion approximation to be [21, 22] :
For STC2 models, there is also a coloron contribution:
Here, η B = 0.55 ± 0.01 is a QCD radiative correction factor for the LL and RR product of color-singlet currents and we assume it to be the same for the LR product. We take [40] , where F B d and B B d are, respectively, the B d -meson decay constant and bag parameter. The additional factor of 1/3 in the coloron contribution comes from the Fierz rearrangement to a product of color singlet currents. These TC2 contributions to M 12 are added to the standard-model one [39] ,
where the top-quark loop function S 0 (x t ) ∼ = 2.3 for
W and m t (m t ) = 167 GeV. The TC2 contributions to M 12 come from operators renormalized at M Z ′ and M V 8 rather than at M W . For simplicity, we take M Z ′ = M V 8 unless stated otherwise. We assume that operator renormalizations from M Z ′ to M W are simply multiplicative, O(1), and can therefore be ignored 19 . As Simmons pointed out, including the RR and LR operators in M 12 opens the possibilty of obtaining lower mass limits than in Ref. [21] . She found M Z ′ > ∼ 1 TeV in FUTC2. However, Simmons assumed smaller U(1) 1 couplings than we do. Furthermore, D R and D L matrix elements that lead to lower TC2 boson masses may not arise from alignment with plausible mass models. This, in fact, is what we found for the mass matrices considered in Appendix B.
To set the mass limits, we followed Ref. [21] in assuming that the SU(3) 1 and U(1) 1 couplings of the top quark are each half their critical value, α t (V 8 ) = α t (Z ′ ) = 1/2, i.e.,
We also assumed (
These assumptions are reasonable, given the need to avoid fine-tuning, but the mass limits are somewhat sensitive to them. As noted above, we also assumed M V 8 = M Z ′ for STC2. Because all the mixing matrix factors are determined by the primordial quark mass matrix M q , the only remaining free parameters are the ratio of hypercharge differences, ξ = ∆Y R /∆Y L , and the gauge boson masses. Equating twice the total |M 12 | to the measured ∆M B d , we determined the gauge boson mass limit as a function of ξ. The lowest possible gauge boson masses for the interval of −5 < ξ < 5 for STC2 and FUTC2 and the three sets of alignment matrices are: 
The last column is an estimate of the fine tuning of the TC2 couplings; this is discussed below. In Mass Models 2 and 3, which produce |D Rbq | ≃ |D Lbq |, the bounds on M V 8 ,Z ′ are lower than in Model 1, as Simmons anticipated. However, this effect is not limited to FUTC2. Nor are the bounds as low as Simmons determined because she assumed a relatively weak U(1) 1 coupling and Y Lb Y Rb = −1/18. Although Mass Model 1 satisfies the relationship Eq. (17) used in Ref. [21] , the mass limits do not agree. The disagreement is caused by using different values of V td . The mass limits scale approximately as |V td | in Model 1. In Ref. [21] , the minimal values |V td | = 0.005 and 0.0034 were used. Here, we derived V td from M q , obtaining |V td | = .0075 in Model 1 and |V td | = 0.0055 in Models 2 and 3. As noted in Ref. [22] , once D R is no longer block-diagonal, the ∆M B d constraint is no longer model-independent, i.e., determined solely by the CKM element V td . This is clearly demonstrated in the factor of 1.5-2 difference in the bounds for Models 2 and 3.
Finally, producing a TC2 contributionm t ≃ 165 GeV to the top quark mass with such large Z ′ and V 8 masses implies fine tuning of the couplings to their critical value [15] . The fine tuning is characterized by the magnitude of
In Ref. [21] , with M V 8 ≃ 5 TeV and M Z ′ ≃ 10 TeV, the fine tuning was found to be 0.5% using the NJL approximation with half-critical couplings. Using M Z ′ = M V 8 with the appropriate STC2 mass limits, we obtain the fine tuning estimates < ∼ 1% listed in Eq. (34) . In FUTC2, the situation is somewhat better if we lower M V 8 to the limit allowed by precision electroweak observables, M V 8 ≃ 1.6 TeV [18] . This leads to fine tuning of 3%. Fine tuning is also ameliorated if we allow (∆Y L ) 2 < Y Lt Y Rt . This allows a lower M Z ′ . Obviously, this difference in the hypercharges cannot be too extreme. In summary, despite more general assumptions on the structure of the alignment matrices, we find the couplings to be as fine-tuned as in Ref. [21] . The principal reason is that we insist on a large U(1) 1 coupling to avoid fine tuning 
The standard model contribution to a B d -decay interaction is written as a sum over a standard set of operators, each multiplied by the appropriate Wilson coefficient. These coefficient functions are found at M W by calculating the necessary QCD and EW penguin (loop) diagrams. We rewrite the TC2 interactions in terms of the same set of operators by Fierzing color octet products and using parity to relate matrix elements of wrong chirality operators to the standard ones. The TC2 coefficient functions involve combinations of hypercharges and U(1) 1 and SU(3) 1 couplings rather than loop factors.
The standard operators have LL and LR chirality. Casting the RR and RL operators from TC2 in the same color and charge structure as these, we obtain the eight wrong chirality
where e q is the charge of quark q. The total TC2 contribution is the sum of the standard and wrong chirality portions.
Using parity For B d -decays to a pair of pseudoscalars or a pesudoscalar and a vector,
the effective Hamiltonian reduces to a sum over standard operators alone: 
The Z ′ contributions are:
The free parameters are ξ, χ, and δ, defined by
The V 8 and Z ′ coefficients appear in the effective STC2 Hamiltonian, while in FUTC2, the coloron coefficients are absent. The gluonic and electroweak color singlet penguin operatorŝ Q 3 ,Q 5 ,Q 7 , andQ 9 receive contributions from both coloron and Z ′ exchange, while the color octet product penguin operatorsQ 4 ,Q 6 ,Q 8 , andQ 10 receive only coloron contributions.
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There is no TC2 contribution to the SM tree level operatorsQ 1 ,Q 2 . In the definitions of C i,T C2 , we imposed the hypercharge restrictions in Eq. (2). The nonstandard CP-violating terms are proportional to D Rbs /D Lbs . For models with D R nearly block-diagonal, the TC2 contributions are therefore completely coherent with the SM and do not cause a sin 2β discrepancy.
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To combine TC2 and standard-model effects, we need to run the TC2 contributions from M Z ′ down to M W using the renormalization group equation (RGE). The RGE for the coefficient functions of the standard ∆B = 1 operators is known and has been calculated to several orders in α s (see Ref. [41] ). Loop-level gluon (SU(3) 1,2 gauge boson) effects can mix the operators, so the RGE for the coefficient functions is a matrix equation.
An important approximation we make to obtain the RGE is to consider only QCD renormalization effects. Electroweak contributions are negligible. But strong U(1) 1 and SU(3) 1 (in FUTC2) renormalizations are not. The former are very model-dependent and their effect hard to predict. The latter are intractable because of the strong α C cot θ C coupling, but it is not implausible that they do not alter the pattern of operator mixing. The RGE is then
Here γ T (x) is the transposed anomalous dimension matrix, and β(x) the QCD beta function. In our calculations, we used the O(α C ) β and γ-functions [41] and included only standard model particles. After running the TC2 effects, we have the total standard plus TC2 Hamiltonian at M W .
(46) Finally, we run the standard-model plus TC2 Wilson coefficients from M W down to the desired energy µ (here, m b ):
The evolution matrix in C i (µ) has the same form as in Eq. (45) except that limits involve the QCD coupling g C rather than the SU(3) 1 coupling. The anomalous dimension matrix 22 In general, all TC2 contributions also carry a strong (CP-conserving) phase δ N . There is at least one such phase, because those from coloron and Z ′ processes may differ. Since an additional phase cannot increase the sin 2β discrepancy, we ignore it. A similar asymmetry in charged B u decays comes from the interference of the CP-violating phase with the strong phase in a particular process, so if the CP-violating phase were known, charged B decays would yield the strong phase [39] . and the beta function in Eq. (47) include only five quark flavors. The resulting Hamiltonian, with possible new CP-violating phases from D R , is
To apply this Hamiltonian to a particular b → sqq process, we evaluate the amplitude using the factorization approximation [42, 43] . There the operators are split into two subcurrents:
where we ignored annihilation terms such as h 1 h 2 |j 1µ |0 0|j 2µ |B . The h i |j µ |B d portion is a form factor that can be measured in a semileptonic decay, while h j |j µ |0 is a measurable decay constant. Different operators with different chiral and color prefactors will contribute depending on the particular decay process. For example:
The decay modes η ′ K S , πK S , and to some extent φK S are considered as reliable factorization decay modes [43] . 23 After the amplitude is factored, it is useful to separate its real and imaginary parts:
where the a i are numerical factors multiplying the coefficient functions (D i ) in the factorized amplitude and V CKM is the standard model CKM factor for the process. In models with blockdiagonal D R , Y ∼ = 0 for the B d → XK S decays we consider and all correct measurements return the same value of sin 2β.
The extraction of sin 2β eff
With the Hamiltonian in Eq. (49) renormalized and factorized at m b , we proceed with the standard CP formalism described in many review papers [39, 44] . The asymmetry we are interested in for comparison to sin 2β involves interference between theB d -B d mixing phase φ M and the decay phase φ D . It is defined by
The state B 0 phys is a meson that started at production time t = 0 as a B d but contains both B d andB d at later times. The CP asymmetry is described in terms of the phase-conventionindependent parameter λ CP :
where η is the CP eigenvalue of the final state. 24 The q/p factor comes from B mixing and describes the proportion of B d toB d in the mass eigenstates. It is a pure phase, but with the addition of TC2 effects that phase may no longer be β = arg(V * td ), so we write
We can write Eqs. (30, 31) as the standard model phase arg(2V * td ) times some complex number. The phase of this complex number is the nonstandard mixing phase. Since only the TC2 LR and TC2 RR contributions contain phases different from arg(2V * td ), the mixing phase is
In the standard model, the amplitude ratioĀ/A for the decay modes B d → XK S has unit magnitude and no imaginary part (to within 4%). Including TC2 effects may alter both its magnitude and the phase: Ā
and X and Y are the real and imaginary parts of A (see Eq. (53)). It is possible to obtain a sin 2β discrepancy with an additional decay phase but no additional mixing phase.The value of φ D depends on the final state, since the operators that contribute to a decay and their relative strength depend on the decay mode and are determined by the factorization. If there is no new CP-violating decay phase, then Y = φ D = 0. Expressed in terms of λ CP , the asymmetry at time t is
The term we are interested in is the one proportional to Im(λ CP ). In the standard model, φ D = 0 so that Im(λ CP ) = − sin 2β. In TC2 models, the Im(λ CP ) term becomes
Any discrepancy among the various decay modes is therefore due to differing decay phases.
Comparisons with Experiment
Using this formalism, we calculated sin 2β eff for the decays B d → J/ψK S , φK S , η ′ K S and πK S . The current experimental values are recorded again here. They are unsettled, but seem to show a discrepancy, especially between J/ψK S and the Belle measurement of φK S and, possibly, η ′ K S :
sin 2β πK S = +0.48
In Mass Model 1, |D Rbs | ≪ |D Lbs | and |D Rbd | ≪ |D Lbd |, so sin 2β eff is the same for both modes, with β eff = arg(V * td ) = 0.516 (see Appendix B). This and the other models were not tuned to give arg(V * td ) = β J/ψK S , but it would not be difficult to do so. There can be a sizable differences in the values of sin 2β eff for J/ψK S and the other modes in Mass Model 2. The discrepancies | sin 2β XK S − sin 2β J/ψK S | are plotted in Figs. 1-6 for both TC2 variants as a function of the parameters Y Ru and Y Rd . 25 We again assumed the Z ′ and V 8 couplings are half-critical (Eq. (33)) and that ∆Y (10), to produce the Belle discrepancy for φK S . These are uncomfortably large: Large hypercharges and a strong U(1) 1 coupling make the U(1) 1 Landau pole occur at an uncomfortably low scale. As we noted earlier, the only way we see to avoid this is embedding U(1) 1 into G ET C at a low scale. If the large hypercharges lower this scale to about a TeV, the TC2 scenario with
In Mass Model 3, the only appreciable difference from sin 2β eff for J/ψK S for moderate hypercharges occurs for η ′ K S in the STC2 variant of the model. This case is shown in Fig. 7 . Large discrepancies in the FUTC2 case require even larger hypercharges than they did in Model 2. The reason the discrepancies are generally much smaller than in Model 2 is that M Z ′ ,V 8 are about twice as large in Model 3. For these mass models, TC2 contributions have a much larger effect on ∆M Bs than they do on ∆M B d because the CKM phase is larger:
To sum up, we find (x s ) T C2+SM > ∼ 3-10(x s ) SM in all mass models. In Models 1 and 3, the combined x s is near or at the experimental bound, while in Model 2 it is 3-10 times larger. The TC2 contributions to K 0 → ππ are incorporated following the procedure of Sect. 5. λbd . For this kaon system observable, the standard model plus TC2 Hamiltonian must be evaluated near 1 GeV. Running down to m b is carried out in the same way as before. To evolve from m b to 1 GeV, we must remove the bottom and charm quarks at the appropriate energies. This requires successively mapping a five quark theory onto an effective four quark theory, then the four quark theory onto a three quark one; see Ref. [41] .
Once the effective Hamiltonian at 1 GeV is obtained, the expression for Re(ǫ ′ /ǫ) including TC2 contributions can be obtained by generalizing the expressions given in (see Refs. [41, 45] )
Here, P contributions from TC2. The additional phases in the TC2 contributions may make these matrix elements complex. We use as inputs the experimental values ǫ = (2.271 ± 0.017) × 26 The ETC contributions to K 0 → ππ, calculated at the ETC scale, are highly suppressed by the large ETC gauge boson masses and by mixing angles. (They were first estimated in 2000 by G. Burdman (unpublished), and we concur with him.) Running effects may enhance them, but not enough to make them comparable to the standard model contributions -except, possibly, in the case of FUTC2 where quarks have strong SU (3) 1 interactions. As for Eq. (11), we assume that quark anomalous dimensions are not large in FUTC2.
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−3 exp(iπ/4), the ∆I = In Figs. 8-13 we plot, for the various cases, bands in the Y Rd -Y Ru plan corresponding to two and five sigma spreads from the central experimental value of Re(ǫ ′ /ǫ). From the table, it is clear that we must have Y Rd − Y Ru close to zero (very close for Model 2) and slightly negative. The two hypercharges must be so close in Model 2 that they would be a strain on building a complete model with its mass matrix. 
Summary
We have reviewed how vacuum alignment in technicolor theories causes spontaneous CP violation, and we described a possible natural solution to the quarks' strong CP problem -one which has no axion and no massless up quark. In these theories, flavor mixing and CP violation appears in the standard weak interactions, as well as in new four-fermion ETC and TC2 interactions. We explored the compatibility of these new effects with current measurements, especially of sin 2β eff . In contrast with previous work [7, 21] , we did not limit ourselves to alignment models with mixing and CP violation solely in the left handed quark sector, i.e., in the D L alignment matrix.
Mixing and CP violation in the K 0 system constrained the ETC gauge boson masses to be so large that they do not contribute appreciably to any B-meson decays or mixing. Therefore, we focused on TC2 interactions in their standard (STC2) and flavor-universal (FUTC2) variants, working with SU(3) 1 and U(1) 1 couplings α t (V 8 ) and α t (Z ′ ) chosen large enough to avoid their fine tuning. For each variant, we considered three models of the quark mass matrices with arg det(M q ) = 0, designed to give a realistic CKM matrix, V = U † L D L , and various amounts of mixing in the D R alignment matrix.
We found that B d -mixing constraints require M V 8 ,Z ′ > ∼ 5-15 TeV even in models with a non-block-diagonal D R . These bounds agree with those found in Ref. [21] , but are considerably higher than M Z ′ > ∼ 1 TeV estimated in Ref. [22] . The principal reason for this disagreement is that we insisted on a large U(1) 1 coupling α(Z ′ ). The large TC2 boson masses we found require severe fine tuning of the TC2 couplings, at the level of 3%-0.1%. Future measurements of ∆M Bs may cause the TC2 gauge boson mass limit to increase further, as we found that models with To sum up, new sources of flavor mixing and CP violation from TC2 interactions can be compatible with all constraints and still yield a discrepancy in the observable sin 2β eff . However, to accomplish this fit, the TC2 interactions must be fine-tuned and, especially in FUTC2, large U(1) 1 hypercharges must be used. Somewhat surprisingly, TC2 effects also tend to produce large values for Re(ǫ ′ /ǫ) and ∆M Bs . We are tempted, therefore, to conclude that TC2 interactions do not offer a satisfactory explanation of the sin 2β discrepancy. We have neglected some potentially large, model-dependent effects such as strong SU(3) 1 and U(1) 1 renormalizations, but these are unlikely to improve the situation. Here, M ET C is the largest ETC scale, i.e., the one generating the smallest term in the quark mass matrix for κ = 1. The parameter κ > 1 parameterizes the departure from the strict walking limit (which we characterize by γ m = 1 up to M ET C /κ). Then, using Eqs. (66,67), we obtain
To evaluate this, we take α ET C = 3/4, a moderately strong value as would be expected in walking technicolor, N = 10, a typical number of doublets in TC2 models with topcolor breaking (see, e.g., Ref. [16] ). Then, taking the smallest quark mass at the ETC scale to be 10 MeV, we find M ET C = 7.17×10 4 TeV. The resulting estimates of M ET C /g ET C are plotted in Fig. 14 Quark masses at the EW scale will be enhanced by QCD and, possibly, TC2 renormalizations which we will not carry out. For the calculations in Sects. 4-7, we took quark masses from Ref. [34] . The minimization routine we use must determine the 6 × 6 block-diagonal Q = (U, D) all at once because it, not U and D separately, is unimodular. It is obvious that large elements of U and D have phases which are rational multiples of π, reflecting those in M u and M d . But the program has a little difficulty determining precisely the phases for small matrix elements. For example, the phase 0.014π of D db is probably zero. We do not believe there are large errors in any of the phases in these matrices. Therefore, the observable combinations of phases in V = U † L D L and Q L,R below should be well-determined. By Nuyts' theorem [32] , the mass matrix M q Q which minimizes the vacuum energy is diagonalized by the single block-diagonal SU(6) matrix Q R = (U, D) R . With Q and Q R determined, we obtain Q L = QQ R and M q = Q † R M q Q L . We then construct V and remove its five unobservable phases to put it in the standard form, Eq. (16). This leaves 2×6−1−5 = 6 independent phases in the Q L . To maintain the vacuum's alignment, these five q Li phase changes must be accompanied by the same transformations on the q Ri . No further quark phase changes are permissible, leaving Q R with 11 independent phases. One of these is the overall T R3 angle, arg det(D R ) = − arg det(D R ). Only the remaining 10 Q R -phases, five each in U R and D R , appear in the right-handed flavor ETC and TC2 currents and are, in principle, measurable.
The phase-adjusted CKM matrix is: 
The angles θ ij and phase δ 13 corresponding to this matrix are: 
The magnitudes of the V u i d j are in fair agreement with those in Ref. [34] . The phase-adjusted Q L,R matrices are (up to terms of O(10 −5 )): 
The corresponding angles θ ij and phase δ 13 are: 
The most important feature of Model 2 is the size of the CKM element |V td | = 0.0055 compared to |V td | = 0.0075 in Model 1. The smaller |V td | is, the lighter the Z ′ and V 8 can be while still complying with the constraints from B d mixing. Lighter gauge bosons then lead to larger TC2 contributions to decay and mixing processes.
The phase-adjusted alignment matrices are: Note that |D Rbq is actually larger than |D Lbq | for q = d, s.
The phase-adjusted Q L,R are: 
The effect of the more symmetric M d is seen in the (bd) and (bs) elements of D L and D R .
